Ultracold polar molecules, with their long-range electric dipolar interactions, offer a unique platform for studying correlated quantum many-body phenomena such as quantum magnetism. However, realizing a highly degenerate quantum gas of molecules with a low entropy per particle has been an outstanding experimental challenge. In this paper, we report the synthesis of a low entropy molecular quantum gas by creating molecules at individual sites of a three-dimensional optical lattice that is initially loaded from a low entropy mixture of K and Rb quantum gases. We make use of the quantum statistics and interactions of the initial atom gases to load into the optical lattice, simultaneously and with good spatial overlap, a Mott insulator of bosonic Rb atoms and a single-band insulator of fermionic K atoms. Then, using magneto-association and optical state transfer, we efficiently produce ground-state molecules in the lattice at those sites that contained one Rb and one K atom. The achieved filling fraction of 25% indicates an entropy as low as 2.2 kB per molecule. This low-entropy molecular quantum gas opens the door to novel studies of transport and entanglement propagation in a many-body system with long-range dipolar interactions.
Ultracold polar molecules, with their long-range electric dipolar interactions, offer a unique platform for studying correlated quantum many-body phenomena such as quantum magnetism. However, realizing a highly degenerate quantum gas of molecules with a low entropy per particle has been an outstanding experimental challenge. In this paper, we report the synthesis of a low entropy molecular quantum gas by creating molecules at individual sites of a three-dimensional optical lattice that is initially loaded from a low entropy mixture of K and Rb quantum gases. We make use of the quantum statistics and interactions of the initial atom gases to load into the optical lattice, simultaneously and with good spatial overlap, a Mott insulator of bosonic Rb atoms and a single-band insulator of fermionic K atoms. Then, using magneto-association and optical state transfer, we efficiently produce ground-state molecules in the lattice at those sites that contained one Rb and one K atom. The achieved filling fraction of 25% indicates an entropy as low as 2.2 kB per molecule. This low-entropy molecular quantum gas opens the door to novel studies of transport and entanglement propagation in a many-body system with long-range dipolar interactions.
Polar molecules are an ideal candidate system for studying spin physics and emulating quantum magnetism [1] [2] [3] [4] . However, low temperatures and long lifetimes are required. Ultracold fermionic KRb molecules have been created at a temperature, T , close to the Fermi temperature, T F [5] , but cooling the trapped gas deeply into quantum degeneracy has yet to be demonstrated. The largest obstacle arises from the fact that two KRb molecules can undergo a chemical reaction and this limits the lifetime of the trapped gas [6] . Furthermore, the chemical reaction rate increases in an applied electric field because of the attractive part of the dipole-dipole interactions [6] . A solution to this problem is to confine the molecules in a deep optical lattice in order to restrict collisions [7] [8] [9] . In particular, the lifetime of groundstate molecules in a deep three-dimensional (3D) lattice was demonstrated to be longer than 20 s and limited by off-resonant scattering of the lattice light [9] . With the chemical reactions mitigated, the remaining challenge is to create a low entropy system, which in the lattice corresponds to increasing the filling fraction. In this paper we report the realization of a high-filling, low-entropy quantum gas of ground-state molecules in a deep 3D lattice using a quantum synthesis approach.
Simulating quantum many-body physics with latticeconfined atoms requires a filling near unity and correspondingly low entropy [10] . This condition can be significantly relaxed with polar molecules thanks to their long-range dipolar interactions, which allow for a decoupling of spin (rotational state of the molecules) and motion so that only the spin entropy, which can be pre- * Current Address: Department of Physics, Zhejiang University, Hangzhou, China 310027. † Current Address: Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA. ‡ To whom correspondence should be addressed: ye@jila.colorado.edu, jin@jilau1.colorado.edu pared to be near zero, is relevant [11] . This was recently demonstrated in Refs. [12, 13] , where a spin-1/2 system was realized by encoding spin in the rotational degree of freedom of the KRb molecules. At dilute lattice fillings, spin exchange via dipolar interactions was observed in the density-dependent decay of, and oscillations in, the spin coherence. In order to go beyond the observation of dipolar spin-exchange interactions and explore new scientific frontiers, such as studying the spin-1/2 Hamiltonian for quantum magnetism [14] [15] [16] [17] [18] [19] [20] , the propagation of excitations and the growth of entanglement and correlations [21, 22] , many-body localization [23] , exotic quantum phases [24] [25] [26] [27] [28] , and spin-orbit coupling with molecules [29] , higher lattice fillings will be essential. Determining what constitutes high lattice filling depends on the specific experiment in question; however, for dynamics studies, one benchmark is the percolation threshold, which for an infinite simple cubic lattice with nearest neighbor interactions corresponds to a filling ∼ 0.3 [30] . Because of the molecules' long-range interactions and the finite system size, a filling near this percolation threshold is sufficient for exploring dynamics such as the propagation of excitations.
The original success in realizing a nearly quantum degenerate gas of polar molecules [5] relied on devising techniques to make ground-state molecules from an ultracold atom gas rather than directly cooling the molecules. Continuing in this general approach and to sidestep the difficulty in direct cooling of molecules, our strategy for realizing higher lattice fillings for polar molecules is to take advantage of the precise experimental control available for manipulating the initial atomic quantum gas mixture in a 3D lattice. While this basic approach has been proposed in a number of papers [31, 32] , it is very challenging to realize experimentally. Specifically, one needs to prepare a low entropy state of two atomic species in the lattice and combine this with efficient molecule production. Our molecule production uses magneto-association arXiv:1507.02377v1 [cond-mat.quant-gas] 9 Jul 2015 FIG. 1. Quantum synthesis for creating polar molecules. Left: strategy for realizing high filling of molecules in a 3D lattice. We load K (blue) and Rb (red) atoms into a 3D optical lattice, with many more K atoms than Rb atoms. In the center of the lattice where the two atom clouds overlap, we realize a Rb Mott insulator and a K single-band insulator, each with near unity filling. Right: Zoom-in showing molecule production. Sites with one Rb and one K have a high probability of producing molecules, while sites with multiple Rb or with only a single atomic species do not yield molecules.
to first create very weakly bound Feshbach molecules followed by optical transfer to the molecular ro-vibrational ground state. In previous work, we showed that the conversion efficiency from atoms to Feshbach molecules is high (87 ± 13%) for lattice sites containing exactly one Rb atom and one K atom [9] . In addition, previous measurements of inelastic collisional loss rates for Feshbach molecules with K or Rb atoms [6, 33] suggest that having an extra atom on a lattice site will be detrimental to molecule production at that site.
The basic scheme is illustrated in Fig. 1 . By loading a nearly pure Bose-Einstein condensate (BEC) of Rb atoms into a 3D optical lattice, we can achieve a Mott insulator (MI) state. Here, repulsive interactions between the Rb atoms drive a transition to a state that has an integer number of particles per site [34] , and the lattice depth is subsequently increased to pin the Rb atoms. For making molecules, the initial BEC density should be sufficiently low to avoid having multiply occupied sites. For spinpolarized fermionic K atoms, Pauli blocking will prevent any site from having more than one K atom if the atoms are all prepared in the lowest band. The optimum case is a K band insulator [35, 36] of one atom per site, which requires starting with a relatively large initial K density. While a MI of Rb and a band insulator of K are relatively straightforward to achieve separately, creating both simultaneously is very challenging. The densities of both the Rb and K gases should be ∼ (λ/2) −3 prior to loading the lattice, where λ/2 is the lattice spacing. When loading both species into a common optical lattice, we thus need to work with a Rb BEC with small atom number and a degenerate Fermi gas with large atom number. The Rb MI must be well spatially overlapped with the center of the much larger K distribution. We also need to preserve the high filling of each atomic species in the presence of the other. For this, control over the interspecies interactions is an essential tool. Finally, any excess atoms should be removed from the lattice after the molecule production.
To prepare the atomic quantum gases, we evaporate Rb in the |1, 1 state and sympathetically cool K in the |9/2, −9/2 state in a crossed-beam optical dipole trap with a wavelength λ = 1064 nm. Here, the atomic hyperfine states are denoted by |F, m F , where F is the total atomic spin and m F is its projection. The evaporation is performed at a magnetic field, B, of 540 Gauss, where the interspecies scattering length, a, is −100 a 0 , where a 0 is the Bohr radius. This field provides for modest interactions between the two atomic species while being close to an interspecies Feshbach resonance [37] at B 0 = 546.6 G that is used for tuning of the interactions as well as for the molecule creation. The final optical trap is cylindrically symmetric with a typical axial trap frequency of ω z = 2π × 180 Hz (in the vertical direction) and a radial trap frequency of ω r = 2π × 25 Hz for Rb. The measured trap frequencies for K are 2π × 260 Hz and 2π × 30 Hz. The larger vertical trap frequency helps prevent separation of the Rb and K clouds due to gravitational sag. Immediately after the evaporation, we turn off the interspecies interactions by ramping B to 543.6 G where a = 0. At this point, we have a Fermi gas of between 1 × 10 5 and 2 × 10 5 K atoms and a nearly pure Rb BEC with 10 3 to 10 4 atoms. Once the Rb BEC forms, Rb no longer thermalizes efficiently with K, and as a result the temperature of the K gas is limited to T /T F ≈ 0.3. We then smoothly turn on, in 150 ms, three retro-reflected beams with λ = 1064 nm that form a cubic optical lattice. Two of the lattice beams are in the horizontal plane, while the third beam is at an angle of 6
• from vertical. The final lattice depth is between 20 and 25 E We image the atom clouds, either in situ in the lattice or after a time-of-flight (TOF) expansion, using resonant absorption imaging with a probe beam that propagates along the vertical direction. Figure 2A shows an example of TOF images of the Rb gas that show the disappearance of coherent matter wave interference as the lattice depth is increased beyond the superfluid-Mott insulator transition. For these images, the number of Rb atoms is 8 × 10 4 and the final lattice depth in units of E Rb R is 12, 17, and 22, from left to right. Figure 2B shows an image of 1.8 × 10 5 K atoms after expansion from the lattice, where the lattice was turned off more slowly for band-mapping [38] . A trace through this image along the direction of one of the horizontal lattice beams, which is rotated by roughly 45
• with respect to the camera axes, is shown in Fig. 2C . This trace, which is averaged along the other horizontal lattice direction, shows that most of the atoms are in the lowest band. The spatial coordinate for the expanded gas image has been converted to quasimomentum in units of k.
Figures 2D and 2E show in situ images of Rb and K, respectively. Note that the Rb cloud is significantly smaller than the K cloud. To verify that the clouds are spa- tially overlapped, we use an RF pulse to transfer the Rb atoms to the |2, 2 state in order to induce spin-changing collisions that result in loss of K and Rb atoms on the same lattice site. The resultant hole in the K distribution (Fig. 2F) clearly demonstrates that the clouds are overlapped in the trap.
We determine the peak filling fraction from fits to the measured atomic distributions. The K Fermi gas is described by a Fermi-Dirac distribution, which can be approximated by a Gaussian. In this case the peak filling is:
where N is the number of atoms and σ x , σ y , and σ z are the Gaussian rms widths. For the Rb MI, the distribution is better described by a Thomas-Fermi (TF) distribution [39] . In this case the peak filling is:
where R x , R y , and R z are the Thomas-Fermi radii. We image the gas along z, so we determine the radial size. The vertical size is smaller by a factor of A = 6.4(1), which is measured for a thermal gas of Rb in the combined potential of the optical trap and lattice. Figure 3A shows the measured peak filling (f TF ) for Rb. For a comparison to the data, we calculate the T = 0 MI distribution for our trap, convolve this distribution with a Gaussian filter to account for the finite imaging resolution, bin the data into pixels, and then fit with a TF distribution [40] . For very small samples, the size of the cloud is about twice the imaging resolution. The data matches well with the T = 0 calculation, and from this comparison, we infer that the N = 1 Rb MI occurs for less than 5000 atoms in our trap. Figure 3B shows the measured peak filling of K (f Gauss ) in the lattice. Here, the lattice depth is 23E Rb R ; however, given the different mass and ac polarizability for K, this is equivalent to only 9E K R , where E K R is the recoil energy for K atoms. We find that the measured f Gauss rises with increasing K atom number (blue points), and saturates around 80% for K numbers ≥1 × 10 5 . For this data, T /T F decreases with increasing K number (red points). The saturation of the lattice peak filling is consistent with the onset of a band insulator in the center of the lattice.
The data in Figs. 3A and 3B show that to achieve optimal molecule production, the initial BEC should have less than 5000 atoms for a MI with mostly one atom per site, while the Fermi gas should have more than 10 5 atoms to reach the band insulating limit. When loading both atom species simultaneously, K can affect the filling of Rb, and we find empirically that turning off interactions by going to a = 0 is optimum. To illustrate this effect, Fig. 3C shows both the measured peak filling of Rb in the lattice and the initial BEC fraction in the optical trap in the presence of 1.5×10
5 K atoms as a function of a at the end of the evaporation. We observe a clear dependence, with the highest Rb filling and BEC fraction achieved near a = 0. Furthermore, we have checked that the Rb filling at a = 0 is unaffected by the K for Rb numbers between 2 × 10 3 and 10 5 . While the interactions between K and Rb atoms during the lattice loading could affect the MI [32, 41] , in our data the dominant effect appears to be a higher initial Rb temperature (lower BEC fraction), which results in a poor MI. This higher initial temperature comes from the intrinsic difficulty of sympathetically cooling a large K gas through thermal contact with a smaller number of Rb atoms.
In preparing the gas for molecule creation, we find an additional issue arising from interspecies interactions. The first step in creating ground-state molecules is magneto-association, which consists of adiabatically sweeping B across the K-Rb Feshbach resonance from high to low field. A schematic of the Feshbach resonance and molecule creation process is shown in Fig. 4A . However, starting from a = 0, which occurs for B < B 0 , we first need to jump B to the high-field side of the resonance. This jump should ideally be diabatic in order to avoid promoting atoms to higher lattice bands [38] ; however, with the relatively high local atom densities in the lattice, it is difficult to sweep the field fast enough. To overcome this problem, we use an RF pulse to transfer the K atoms to a spin state, |9/2, −7/2 , that does not experience the 546.6 G resonance. After ramping B above B 0 , we transfer the K atoms back to the |9/2, −9/2 state and then proceed with the Feshbach association process. We find that applying these RF transitions improves the final filling of ground-state molecules by 60% compared to the case of not doing these RF transitions. Figure 4B shows the measured fraction of the Rb number, N Rb , that is converted to Feshbach molecules (blue circles). Since we operate with many more K atoms than Rb atoms, a large background of K atoms remains in the lattice after making molecules. This presents a challenge for determining the number of Feshbach molecules, N KRb* , which we typically measure by dissociating the molecules and imaging K. To selectively count only the molecules, we use an RF pulse to transfer the background K atoms to the |9/2, −7/2 state before dissociating the molecules by ramping B back above the resonance and selectively imaging the K atoms in the |9/2, −9/2 state [40] . For comparison with the data, the shaded band in Fig. 4B shows the product of the measured f Gauss = 0.80(5) for K, the calculated fraction of Rb atoms of a T = 0 MI that are on singly occupied sites, and the conversion efficiency of preformed pairs reported in Ref. [9] . We find that the trend of the calculation matches the data, with the conversion efficiency decreasing for higher Rb number. This is consistent with the assumption that molecules are not produced on sites that have more than one Rb atom. The data lie slightly below the calculation; possible explanations for this include finite temperature effects on the MI (which could lead to fewer singly occupied sites) or reduced conversion efficiency for sites with one Rb and one K atom. For small Rb numbers, we find that N KRb* /N Rb is larger than 50%.
As a last step, we use stimulated Raman adiabatic passage (STIRAP) to transfer the Feshbach molecules to their ro-vibrational ground state [5] . The typical efficiency of this transfer is 89(4)%. Once the molecules are in the ground state, we apply resonant light pulses to remove all unpaired atoms from the lattice. This atom removal is essential since the molecule lifetime in the lattice without atom removal is only a few ms, which we attribute to tunneling of the K atoms that enables molecule-atom chemical reactions [6] . After holding the ground-state molecules for 40 ms in the lattice, we take in situ images of the molecule distribution by reversing the STIRAP process, dissociating the Feshbach molecules, and then imaging the K atoms. Figure 4C shows images of the ground-state molecules in the lattice for cases of both high and low conversion (the arrows indicate the regimes for the two images). The top image corresponds to starting with 2500 Rb atoms while the bottom image corresponds to starting with roughly 25000 Rb atoms. The bottom image exhibits a central hole in the molecule distribution, which is consistent with the fact that the central lattice sites contained more than one Rb atom and therefore did not produce molecules.
For the higher conversion case, we perform a TF fit to the ground-state molecular distribution. From the fit we find 7.9(5) × 10 2 molecules with a TF radius of 12.0(2) µm. This gives f TF = 0.27 (2) . As an alternative approach, we can determine the filling by comparing the width of the molecular cloud with that of our simulated T = 0 Rb distribution and assuming a uniform conversion efficiency of Rb into molecules. The molecules are best described by a distribution that corresponds to an initial Rb number of 3.2(4) × 10 3 . Taking the ratio of the measured number of molecules to this Rb number, we find f mol = 0.25 (4) , which is consistent with f TF . From the product of the previous measurements, namely the Rb filling, N KRb* /N Rb , and the STIRAP efficiency, one might expect a ground-state molecule filling of ∼ 35%. We attribute the lower measured filling to molecular loss caused by the atom removals.
Given the ac polarizability [42] and mass of the ground-state molecules, a lattice with a depth of 25E Rb R corresponds to 62E KRb R , where E KRb R is the recoil energy for a KRb molecule. The tunneling rate for molecules is therefore negligible. In this case, the entropy per molecule can be estimated from the filling in the lattice, with some assumption about the shape of the distribution. Our approach of creating molecules from overlapping Rb and K insulators likely leads to a molecular distribution that is much more homogenous than the alternative approach of adiabatically loading a Fermi gas of molecules into the lattice. The K Fermi gas is homogeneous within the confines of the initial Rb single-shell MI, which should result in a relatively uniform molecular distribution. For an average filling of f mol in a uniform lattice, the entropy per particle is − k B f mol [f mol ln(f mol ) + (1 − f mol ) ln(1 − f mol )], which is 2.2 k B for f mol = 25% [43] . For comparison, to reach this entropy by adiabatically loading a Fermi gas into a lattice would require starting with a quantum degenerate gas of molecules at T /T F = 0.25.
We find that the employment of dual atomic insulators has produced ground-state molecules in a 3D lattice with a very low entropy and a filling that is near the percolation threshold. Under this condition, the system of polar molecules in a 3D lattice is well connected and well suited for experiments probing the propagation of spin excitations in a system with long-range dipolar interactions. While the overall number of molecules now is lower than in previous work [12] , the system realized here is appropriately sized for imaging with recently developed quantum gas microscope techniques [44] [45] [46] . More generally, this work elucidates the many challenges in, and extends the experimental toolbox for, synthesizing ultracold molecule systems that can realize novel quantum many-body behavior.
